Previous studies in our laboratory showed that sulforaphane (SFN) induced apoptosis by sustained activation of extracellular regulated protein kinases 1/2 (ERK1/2). However, the underlying mechanisms associated with SFN-induced apoptosis and downstream cascades which are modulated by ERK1/2 were not elucidated. Herein we demonstrated for the first time that alteration of mitochondrial dynamics contributed to SFN-induced apoptosis in human non-small cell lung cancer (NSCLC) cells. Reports showed that protein Bim not only induced apoptosis but also promoted proliferation under certain circumstances. We found that Bim was related to cell growth in NSCLC cells. Pro-survival Bim downregulation was shown to induce apoptosis in response to SFN. Further, Using the ERK1/2 inhibitor, PD98059, we found that SFN upregulated Bax and downregulated Bim through the ERK1/2-dependent signaling pathway. Furthermore, SFN activated ERK1/2 to increase 26S proteasome activity to degrade Bim, while the proteasome inhibitor MG132 reversed this effect. Therefore, SFN phosphorylated ERK1/2 and activated the proteasome system leading to the degradation of Bim, which contributed to apoptosis in NSCLC cells. These findings provided a novel insight into SFN-related therapeutics in cancer treatment.
Introduction
There were approximately 221,200 new cases and 158,040 deaths due to lung cancer globally in 2015; nearly 80% of these cases belong to non-small cell lung cancer (NSCLC) [1] . Surgery, chemotherapy, and radiotherapy are the currently used ways to treat NSCLC [2] . However, radiotherapy or chemotherapy often causes side effects on normal tissues. Novel phytochemicals have been introduced to improve traditional chemotherapy and surgery [3] . Among phytochemicals, sulforaphane (SFN) is a low-toxicity isothiocyanate of organosulfur compounds [4] [5] [6] .
Sulforaphane (1-isothiocyanato-[4R]-[methylsulfinyl]-butane) is generally found in broccoli sprouts and in most cruciferous vegetables [7] and thought to be effective in cancer treatment [8] [9] [10] [11] [12] [13] . It has been found that SFN modulates the Bax/Bcl-2 ratio, enhances proteasomal activity, and activates mitogen activated protein kinase (MAPK) [14] . Our previous data have shown that sustained activation of ERK1/2 with SFN treatment of tumor cells for 24h
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International Publisher inhibited invasion in both human glioblastoma and prostate cancer cells [15, 16] . However, whether SFN induces apoptosis through persistent activation of ERK1/2 in NSCLC cells and what are the underlying mechanisms are unclear.
The mitochondrial-dependent apoptotic pathway is the primary signal pathway by which SFN activates ERK1/2 to induce apoptosis and inhibit invasion [16] [17] [18] . Many studies have reported that SFN induces changes in mitochondrial morphology, leading to a release of cytochrome c and apoptosis inducing factor (AIF) [19] . Mitochondria are dynamic organelles that are regulated by fusion and fission events that occur constantly to maintain mitochondrial morphology [20, 21] . Recently, it has been reported that upregulated mitochondrial fission is a prerequisite for promoting hepatocellular carcinoma (HCC) cell proliferation [22] . Despite the fact that the excessive mitochondrial fission was associated with proliferation, whether mitochondrial fusion was an opposite process of fission leading to cancer cell deaths has not been identified.
Bcl-2 family members are the regulatory factors that are associated with the mitochondrial membrane and regulate apoptotic signals. Recently, many studies have shown that multiple proapoptotic proteins, such as Bax/Bak, Bid, Bad, Noxa, and Puma, possess non-apoptotic/pro-survival functions [23] . It has been reported that Bim, a BH3-only protein, was upregulated in prostate cancer and breast cancer cells [23] . Therefore, it is important to explore whether Bim downregulation was associated with apoptosis in NSCLC cells.
The ERK1/2 signaling pathway is the major pathway known so far to be involved in Bim ubiquitination and consequent proteasomal degradation [24, 25] . The ubiquitin-proteasome system (UPS) was activated to degrade target proteins into small peptides in eukaryotic cells [26, 27] . The 26S proteasome is a cylindrical particle that consists of two distinct sub-complexes, a 20S core particle (CP) and a 19S regulatory particle (RP) [26] . The 26S proteasome is a target for many post-translational modifications (PTMs), including phosphorylation, N-acetylation, ubiquitination, SUMOylation, and O-glycosylation [26, 27] . Therefore, we will investigate the novel apoptotic mechanism by which ERK1/2, activated by SFN, mediates proteasomal activity, causing pro-survival Bim degradation and apoptosis in NSCLC cells.
In the present study, we aimed to find the signaling pathway which SFN induced apoptosis in NSCLC cells. These findings will give some new data to enable targeting of the research on the use of SFN in clinical trials.
Materials and Methods

Cell Culture
SK-1 cells and A549 cells from Cell Resource
Center, Peking Union Medical College (CRC/PUMC) were cultured in DMEM/F-12 medium (Lifetechnologies, Shanghai, China) supplemented with 10% fetal bovine serum(Invitrogen), and 100 U/ml penicillin/streptomycin (Solarbio, Beijing, China) at 37℃in 5% CO2, maintaining cells logarithmic growth. Cells were washed with PBS three times and incubated in DMEM/F-12 medium supplemented with 10% FBS and 100U/ml penicillin/streptomycin and SFN (Sigma) for 24h. MG132 (Sigma) and PD98059 (Cell Signaling Technologies) had been added before SFN was added into F-12 medium according to PD98059 product specification.
Cell Proliferation Assay
SK-1 and A549 cells (4-6×10 3 ) were plated in 96-well plates. When cells grew up to 80% density, SFN at the different concentrations at time gradients was added to 96-well plates for 24h. MTS (Promega, Madison, USA) working solution (20μl) was injected to each of the pool and the 96-well plates were incubated at 37℃ for 2h. The OD values were detected at 490 nm wavelength via a BioTekH microplate reader (Winooski, VT, USA).
Electron Microscopy Observation
NSCLC cells were prepared for EM observation. Two cell lines were classified into control groups (0µM) and SFN (15µM) groups. Cell pellets were collected by centrifugation for 3 min. Then cell pellet was fixed with cold glutaraldehyde (2%) for 2h, the fixed cells were postfixed with 1% osmic acid and further the cell pellet was embedded in epoxy resin and sectioned for EM observation.
Morphological Observation
According to a series of concentrations and times, SK-1 and A549 cells were treated by SFN and incubated in 6-well plates. Cell morphological modification was observed with a phase-contrast microscope (Leica, Germany). Then digital camera (Olympus, Japan) was used to take photograph at different time and concentration points.
Apoptosis Detection
Apoptosis was determined by flow cytometry (GenStar, Beijing, China) analysis. Following cell cultivation, cells were treated with SFN at dose-dependent and time-dependent manners. Adhesive cells were collected and washed twice in cold PBS and binding buffer. Solution was centrifuged at 1000 g for 7 min and stained with FITC reagent for 30min as well as PI reagent for 5min. Cells were analyzed by the flow cytometer (BD Biosciences, Rutherford, NJ).
Immunofluorescence Assay
The NSCLC cells (4×10 4 ) were cultivated in glass coverslips for 12h at 37℃. 15µM SFN was added into Petri dishes for 24h. Then cells were fixed with 4% paraformaldehyde for 15min and permeabilized with 0.2% Tween 20 for 10min. Cells were treated with DPBS (containing 3% FBS and 0.5% Tween 20) for 1h. The cells were incubated by primary antibody (anti-Bim, 1:100) (Abcam) for 12h at 4℃ and fluorescence-labeled secondary antibody for 1h. Finally, the glass coverslips were stained with DAPI and detected on confocal laser-scanning microscope (Olympus FV1000, Tokyo, Japan). To observe the mitochondrial fusion, the cells were treated with or without SFN at 15µM and 0µM for 24h, then were stained with Mito-Tracker Green (Beyotime, Shanghai, China) for 45min and observed under confocal laser-scanning microscope.
Western blot
Cell lysates were prepared with RIPA lysis buffer (Thermo Fisher Scientific). and protein concentrations were determined by BCA protein assay kit (Invitrogen). Protein was loaded and run through 12% or 15% SDS-PAGE gels and transferred to nitrocellulose membranes. The blots were probed with Caspase 3 (Santa Cruz, 1:500), 26S Proteasome S5 (Abcam, 1:500) and Bim (Abcam, 1:500), ERK1/2 and phosphorylated ERK1/2 (Cell Signaling Technologies, 1:1000), Bax (Sangon Biotech, Shanghai, China, 1:400) antibodies, and fluorescence-labeled secondary antibody (LI-COR Biosciences, Lincoln, NE, USA) and protein bands were detected by Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA).
Statistical Analysis
The results were expressed as the mean ± SD, and analyzed by SPSS software. The differences were considered statistically significant at p<0.05.
Results
Determination of the optimal SFN concentration to induce apoptosis
We previously found in vitro experiments that the optimal time at which SFN inhibited cell growth was 24 h. In order to determine the optimal SFN concentration that induced cell death in NSCLC cells, we selected different SFN concentrations (0, 5, 10, 15, 20, 25, and 30 μM) to treat SK-1 and A549 cells for 24 h, and then performed the MTS assay. As shown in Figure 1A , the IC50 values, calculated by statistical analysis, of SK-1 cells and A549 cells were 15.29μM and 14.45μM. We found that 15μM SFN reduced cell viability efficiently in NSCLC cells ( Figure 1A ). Further work demonstrated that SFN induced cell apoptosis. Electron microscopy was used to detect apoptosis, characterized by cytoplasmic shrinkage, nuclear fragmentation and apoptotic bodies in the 15μM SFN group ( Figure 1B) . Therefore, 15μM SFN caused apoptosis in NSCLC cells. Surprisingly, we found many circular and flattened mitochondria around the apoptotic bodies in SK-1 cell. We considered that morphological changes of mitochondria might be associated with apoptosis.
SFN-induced apoptosis was associated with mitochondrial fusion
Mitochondrial behaviors mainly affect cell apoptosis by changing mitochondrial morphology, such as fission and fusion. We therefore observed alteration of mitochondrial ultrastructure with electron microscopy with or without SFN treatment in NSCLC cells. We found that granular mitochondria gathered and formed a circular structure in the SFN-treated cells. Each circle was composed of many small mitochondria. The cell nuclei lost their original conformation or were broken into pieces. The mitochondria forming the circles were more flattened and smaller when compared with the control cells. Irregularly shaped mitochondria gathered together. Eventually, the circular fused mitochondria became vacuolated, inducing cell apoptosis (Figure 2A, 2B ). Confocal microscopy indicated that mitochondrial particles were spread throughout the cytoplasm in the control cells. However, mitochondrial particles were clustered and fused around cells that had lost their original structure in the SFN-treated cells ( Figure 2C , 2D).
SFN induced apoptosis in a dose-dependent manner
After NSCLC cells had been treated with SFN (0, 5, 10, 15, and 20μM) for 24 h, morphological observation and flow cytometry were performed. The apoptosis rates were elevated versus control groups (0μM) in a dose-dependent manner ( Figure 3A , 3B, 3C, 3D). Although 20μM SFN also induced higher apoptosis rates than 15μM, the morphological structures in the 20μM SFN-treated samples were completely destroyed ( Figure 3A, 3B) . Thus, the optimal concentration of 15μM was established for SFN-induced apoptosis. The results represent three independent experiments. B. Electron microscopy was used to observe the cell membrane and nuclei of normal cells in the control group. In the SFN group, it showed chromatin accumulation, nuclear fragments, and apoptotic bodies. Red arrows point to normal mitochondria; Asterisks indicated circle mitochondria.
SFN induced apoptosis in a time-dependent manner
We further determined that the degree of apoptosis varied by treatment times. At different time points (0, 1, 6, 12, 24, and 48h), morphological observation and flow cytometry were used to detect apoptosis rates, which increased gradually in both cell lines ( Figure 4A , 4B, 4C, 4D). Apoptosis rate was reached a peak at 48 h. Apoptosis rates in A549 cells were elevated, but those in SK-1 cells were clearly higher at 1 h and 48 h, respectively. The morphological structures at 48 h were completely altered, which was unfavorable for apoptosis signal research ( Figure 4A, 4B) . Therefore, the optimal time point was found to be 24 h for SFN-induced apoptotic analysis.
SFN induced apoptosis by upregulating apoptosis-related proteins and downregulating pro-survival Bim in a dose-dependent manner
After NSCLC cells had been treated with SFN (0, 5, 10, 15, and 20μM) for 24 h, and Western blot showed that SFN upregulated phosphorylated ERK1/2, Bax and cleaved Caspase 3 ( Figure 5A , 5B). Similar to the results of flow cytometry, these data also followed a dose-dependent manner. In contrast to upregulated phosphorylated ERK1/2, Bax, and cleave Caspase 3 proteins, SFN downregulated Bim leading to apoptosis in NSCLC cells. Figure 7B ) and cleaved Caspase 3 ( Figure 6C , Figure  7C ). In the control cells, Bim ( Figure 6D , Figure 7D ) was expressed extensively when cells were cultured for more than 1 h, and ERK1/2, Bax, and cleaved Caspase 3 were not upregulated. After treatment with SFN, Bim was decreased significantly, but phosphorylated ERK1/2, Bax and cleaved Caspase 3 were increased significantly as the treatment time increased.
SFN downregulated Bim expression in NSCLC cells
Similar results of Bim expression were obtained with fluorescence confocal microscope. The immunofluorescence results also showed that, in A549 and SK-1 cells without treatment of SFN for 1h and 24h, respectively, Bim expression was increased remarkably at 24h versus 1h treatment. But cells were incubated with 15μM SFN for 24h, highly expressed Bim was decreased dramatically. DAPI staining showed that the cell nucleus was out of shape following SFN treatment, when compared with the nucleus integrity in the control (0μM SFN, 24h) ( Figure 8A, 8B) . 
SFN activated ERK1/2 to upregulate Bax, 26S proteasome, and downregulate Bim
The phosphorylated ERK1/2 inhibitor PD98059 was used to treat NSCLC cells for 24 h. Western blots showed that expression of phosphorylated ERK1/2 and Bax was inhibited in presence of SFN and PD98059 ( Figure 9A, 9B) , indicating that SFN eventually increased Bax by activating ERK1/2 signal pathway. It is possible that the proteasome was regulated by phosphorylated ERK1/2. More, we examined 26S proteasome expression and found that SFN raised the 26S proteasome. With the ERK1/2 inhibitor and SFN, Western blot showed that PD98059 reversed this effect. (Figure 9A, 9B) . Thus, the 26S proteasome could be regulated by phosphorylated ERK1/2. In order to demonstrate that downregulation of Bim also resulted from the ERK1/2-dependent pathway cells were treated with SFN for 24 h. We found that SFN downregulated Bim and phosphorylated ERK1/2; when SFN combined with PD98059 were used to treat the cells, the downregulation of Bim expression was reversed ( Figure 9A, 9B ). These data suggested that Bim was downregulated by an ERK1/2-dependent pathway.
SFN degraded Bim via the proteasome pathway
In order to demonstrate that downregulation of Bim resulted from proteasome activated, the proteasome inhibitor MG132 was applied. After cells had been treated with SFN for 24 h, we found that SFN downregulated Bim; when both SFN and MG132 were used to treat cells for 24h, the downregulation of Bim was diminished ( Figure 10A, 10B) . The data suggested that Bim is degraded by the proteasome pathway. In addition, in all western blot results ( Figure 5A-B, 6D, 7D, 9A-B, 10A-B) , only one 22kDa band was detected with the Bim antibody in SK-1 cells, whereas in A549 cells, two bands were detected, one band located at 22 kDa and the other at about 24 kDa, showing one of the Bim isoforms in NSCLC cells.
Discussion
Increasing evidence showed that SFN induced apoptosis and reduced the incidence of cancer; however, the underlying mechanisms had not been investigated. Herein we found some novel apoptotic features induced by SFN, which might play a key role in cancer inhibition and cell death. SFN is a drug with low toxicity and the optimal plasma concentration of SFN is about 20μM in animal experiments [14] . In this study we verified that 15μM SFN inhibited cell proliferation in NSCLC cells. Analysis of cell apoptosis and morphological observation indicated that 15μM SFN effectively induced apoptosis. Further, electron microscopy observation revealed that 15μM SFN caused a chromatin staining pattern, nuclear fragmentation and generation of apoptotic bodies. These results indicate that SFN has the potential to inhibit cell proliferation and induce apoptosis at a lower dose in NSCLC cells. The level of protein expression in NSCLC cells, when the cells were treated in a dose-dependent manner. Western blot was used to measure phosphorylated ERK1/2, ERK1/2, Bim, Bax and cleaved Caspase3 protein expression. SFN (0μM) was used as the negative control. Phospho-ERK1/2 was normalized to total proteins, and β-actin was used as a loading control. Densitometric analysis of the bands was done via ImageJ analysis software. The quantification of band intensity was presented as a mean ± SD after normalization to β−actin or total proteins. The diagram showed these protein density ratios at different drug doses. Each bar reflects the average protein density ratio; * p <0.05, n=3. SFN for 1, 3, 6, 12 , 24, or 48 h, then phosphorylated ERK1/2, Bax, cleaved Caspase 3 and Bim protein level were measured by Western blot. SFN (0 μM) was used as the negative control. Phospho-ERK1/2 was normalized to total proteins, and β-actin was used as a loading control. Densitometric analysis of the bands was done using ImageJ analysis software. The quantification of band intensity was presented as a mean ± SD after normalization to actin or total proteins. The diagram showed these protein density ratios at different time points. Each bar reflects the average protein density ratio; * p <0.05, n=3.
Many studies have shown that SFN induces apoptosis through the regulation of intrinsic apoptotic pathways (mitochondrial pathway) in various cancer cells [10, 12, 14, 28] . Mitochondrial outer membrane permeabilization (MOMP) and mitochondrial swelling are the prominent characteristics of mitochondrial morphology during apoptosis [29] . The apoptotic signal ultimately activates ERK1/2 and Bax to promote MOMP, resulting in the release of cytochrome c and Caspase 3 activation [29, 30] . Western blot results indicated that SFN persistently activated ERK1/2, upregulated Bax and Caspase 3 in a dose-dependent and time-dependent manner. Consistently, electron microscopy observation showed that SFN induced mitochondrial swelling and vacuolated structures, suggesting that SFN induced apoptosis via sustained activation of ERK1/2, Bax, Caspase 3 and alternations of mitochondrial morphology in NSCLC cells.
Recently, it has been reported that benzyl isothiocyanate (BITC) derived from cruciferous vegetables induces apoptosis by disruption of the mitochondrial fission-fusion balance in breast cancer cells [19] . Whether SFN induced changes of mitochondrial morphology by disruption of the mitochondrial fission-fusion balance was not been reported. Electron microscopy observation revealed that SFN treatment caused circular structures that were formed by the fusion of many mitochondria. Mitochondria with diverse morphological features along the borderline of the vacuoles formed a circle, which might contribute to mitochondrial vacuolization. These circular mitochondria clustered together in a specific location. Particularly, we observed many fused mitochondria clustered around apoptotic bodies in SK-1 cells. Immunofluorescence also indicated that SFN-induced mitochondria gathered around cells that had lost their original structure, in comparison with the dispersed mitochondria in NSCLC cells without SFN treatment. We proposed that increased mitochondrial fusion represents a critical event in SFN-induced apoptosis in NSCLC cells. SFN for 1, 3, 6 , 12, 24, or 48 h, then phosphorylated ERK1/2, Bax, cleaved Caspase 3 and Bim protein level were measured by Western blot. SFN (0 μM) was used as the negative control. Phospho-ERK1/2 was normalized to total proteins, and β-actin was used as a loading control. Densitometric analysis of the bands was done using ImageJ analysis software. The quantification of band intensity was presented as a mean ± SD after normalization to actin or total proteins. The diagram showed these protein density ratios at different time points. Each bar reflects the average protein density ratio; * p <0.05, n=3. It has been reported that Bcl-2 family proteins play a critical role in regulation of mitochondrial morphology [21] . The anti-apoptotic Bcl-2 proteins are responsible for maintaining the integrity of the mitochondrial membrane (OMM), whereas the pro-apoptotic protein Bax mediates mitochondrial fusion-fission, resulting in the loss of mitochondrial membrane potential and release of cytochrome c [19] . These proteins are all not activated in cytoplasm. The BH3-only protein is required for binding to Bcl-2 or Bax to activate them. The BH3 peptide of Bim binds with high affinity to all pro-survival relatives and weakly to Bax, so that Bim is more easily regulated by survival stimulation in tumor cells [31] . Overexpressed Bim interacted with microtubules, Bcl-xL, and Mcl-1 to induce cell growth and attenuated the release of cytochrome c [23, 32, 33] . Several studies have shown that overexpressed Bim is localized to the mitochondrial membrane, inhibiting interaction with Bax, performing pro-survival functions [21, 23] . We found that when NSCLC cells were cultured for 24h with SFN treatment, Bim level was downregulated, but Bax and cleaved Caspase 3 were upregulated. Immunofluorescence indicated that NSCLC cells without SFN proliferated most dramatically, and Bim level was highest at 24h, indicating that Bim might be an apoptosis inhibitor. With SFN treatment for 24h, cell morphology and the cell nucleus were modified, and Bim level was also decreased. Thus, Bim plays a pro-proliferative role in NSCLC cells.
Degradation of Bim protein via proteasome is a rapid measure which perturbs the high-affinity association of Bim with pro-survival proteins [31, 34] . The 26S proteasome comprises dozens of subunits and might be a target for many post-translational modifications. However, the mechanisms by which the different modifications exert their effects on proteasomal function are not understood. As we know, proteasome activity is regulated by phosphorylation of proteasome subunits. c-Abl kinase, PKA and CKII phosphorylate subunits of the mammalian 20S CP, ASK-1, DYRK2, PKA and CaMKII phosphorylates 19S RP, affecting the association between the 19S RP and 20S CP, substrate recognition, gate opening of 20S CP, and assembly of 19S RP [27] . However, the means by which ERK1/2 exert an effect on 26S proteasome is unknown. Here, we found that 26S proteasome level was upregulated following SFN treatment of NSCLC cells, while upregulated 26S proteasome activation was blocked by addition of the ERK1/2 inhibitor PD98059. Thus, SFN activates ERK1/2 persistently to modify specific 26S proteasomal subunits, leading to degradation of target protein.
It has been demonstrated that the poly-ubiquitination of Bim is degraded by 26S proteasome [35] . The downregulation of Bim was suppressed in the cells treated with SFN plus the proteasome inhibitor MG132. The proteasomal degradation of protein requires a preconditioning protein modification. The Ser69 residue of Bim phosphorylated by ERK1/2 regulates Bim ubiquitination and proteasomal degradation [35, 36] . Using the ERK1/2 inhibitor PD98059, we found that ERK1/2 activated by SFN not only stimulated 26S proteasome activity but also downregulated Bim and upregulated Bax level. Thus, SFN might induce Bim ubiquitination, contributing to recognition of 26S proteasome activated by ERK1/2 and Bim degradation. Interestingly, Western blot showed that the Bim antibody (22kDa) detected two protein bands: one was about 24 kDa and abundant in A549 cells. Bim exists as three common isoforms, BimS (15kDa), BimL (19kDa), and BimEL (23kDa). The molecular weights of the Bim isoforms are less than 22 kDa, with the exception of BimEL (23 kDa). Many studies have showed that BimEL is the major form of Bim that interacts with pro-survival Bcl-2 protein [34] . BimEL is overexpressed in certain prostate cancer cell lines [23, 33] . Thus, this band might represent the Bim isoform BimEL, judging from the molecular weight; further study is on the way.
In conclusion, we characterized the underlying mechanisms by which SFN induces apoptosis in NSCLC cells (Figure 11 ). The characterization of the inhibitory mechanisms may provide a new insight into cancer cell death and therapy. The results might produce some new ideas for targeting pro-survival Bim in the treatment of NSCLC.
